We consider charged Higgs and W ′ gauge boson contributions to the quasielastic scattering ν τ + n → τ − + p andν τ + p → τ + + n . These effects modify the standard model cross section for these processes and thus impact the extraction of the neutrino mixing angles θ 23 and θ 13 . We include form factor effects in our calculations and find the deviation of the actual mixing angle from the measured one, assuming the standard model cross section, can be significant and can depend on the energy of the neutrino.
Introduction
We now know that neutrinos have masses and that there is a leptonic mixing matrix just as there is a quark mixing matrix. This fact has been firmly established through a variety of solar, atmospheric, and terrestrial neutrino oscillation experiments. The next phase in the neutrino physics program is the precision measurement of the mixing angles, finding evidence for CP violation and measuring the absolute masses to resolve the mass hierarchy problem.
The existence of neutrino masses and mixing requires physics beyond the standard model (SM). Hence it is not unexpected that neutrinos could have non-standard interactions (NSI). The effects of NSI have been widely considered in neutrino phenomenology [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32] .
It has been established that NSI cannot be an explanation for the standard oscillation phenomena, but it may be present as a subleading effect. Many NSI involve flavor changing neutral current or charged current lepton flavor violating processes. In this paper we consider charged current interactions involving a charged Higgs and a W ′ gauge boson in the quasielastic scattering processes ν τ + n → τ − + p andν τ + p → τ + + n. In neutrino experiments, to measure the mixing angle the neutrino-nucleus interaction is assumed to be SM-like. If there is a charged Higgs or a W ′ contribution to this interaction, then there will be an error in the extracted mixing angle. We will calculate the error in the extracted mixing angle.
The reaction ν τ + n → τ − + p is relevant for experiments like Super-Kamiokande (Super-K) [33, 34] and OPERA [35] that seek to measure ν µ → ν τ oscillation by the observation of the τ lepton . The above interaction is also important for the DONuT experiment [36] which measured the charged-current (CC) interaction cross section of the tau neutrino. The DONuT central-value results for a ν τ scattering cross section show deviation from the standard model predictions by about 40% but with large experimental errors; thus, the measurements are consistent with the standard model. The new physics (NP) effects calculated in this paper modify the SM cross sections by less than 10% and are therefore consistent with the DONuT measurements. There have been recent measurements of the appearance of atmospheric tau neutrinos by Super-K [33] and by the OPERA Collaboration [35] .
If high-energy Long Base Line (LBL) experiments (or atmospheric neutrino experiments scanning in the multi-GeV neutrino energy range) are designed to measure θ 13 via ν τ (ν τ ) appearance in the ν e → ν τ (ν e →ν τ ) oscillation mode, the scattering processes ν τ + n → τ − + p andν τ + p → τ + + n will be important. The two processes ν τ + n → τ − + p andν τ + p → τ + + n involve the same new physics (NP) operators. Generally, neutrino scattering contains contributions from various processes such as quasielastic scattering (QE) , resonance scattering (RES), and deep inelastic scattering (DIS). Just above the threshold energy for τ production, which is 3.45 GeV [33, 34] , the quasielastic interaction dominates in ν τ scattering [37, 38] . At higher scattering energies other processes have to be included. For instance, the DIS is expected to be dominant above around 10 GeV [38] , and so ν τ scattering at the OPERA experiment, running at the average neutrino energy E ν = 17 GeV [35] , will be dominated by DIS. In this paper we will study the effects of NSI only in QE scattering, so we will limit ourselves to energies where QE is dominant. A full NSI analysis including all processes in ν τ scattering will be discussed in Ref. [39] .
There are several reasons to consider NSI involving the (ν τ , τ ) sector. First, the third generation may be more sensitive to new physics effects because of their larger masses. As an example, in certain versions of the two Higgs doublet models (2HDM) the couplings of the new Higgs bosons are proportional to the masses, and so new physics effects are more pronounced for the third generation. Second, the constraints on NP involving the third generation leptons are somewhat weaker, allowing for larger new physics effects. Interestingly, the branching ratio of B decays to τ final states shows some tension with the SM predictions [40, 41] and this could indicate NP, possibly in the scalar or gauge boson sector [42] . Some examples of work that deals with NSI at the detector, though not necessarily involving the third family leptons, can be found in Refs. [43, 44, 45] .
If there is NP involving the third generation leptons, one can search for it in B decays such as
In general, the NP interaction in B decays may not be related to the one in ν τ + n → τ − + p and ν τ + p → τ + + n, and so these scattering processes probe different NP. The same NP in ν τ + n → τ − + p andν τ + p → τ + + n can be probed in τ decays [47] , and we will consider the constraint on NP from this decay. However, in general, the scattering and the decay processes probe NP in different energy regions.
The form of NP in ν τ + n → τ − + p involves the operator O N P =ūΓ i dτ Γ j ν τ , where Γ i,j are some Dirac structures. The processν τ +p → τ + +n gets a contribution from O † N P . We will assume CP conserving NP in this paper, and so the coefficients of the NP operators are real. The same NP operator can also contribute to hadronic tau decays τ − → π − ν τ and τ − → ρ − ν τ , and the measured branching ratio of these decays can be used to constrain the couplings in the operator O N P . The ratio of the charged Higgs contribution to the SM in ν τ + n → τ − + p andν τ + p → τ + + n is roughly (m N /m π ) larger compared to the same ratio in τ − → π − ν τ , where m N,π are the nucleon and pion masses. Hence, significant charged Higgs effects are possible in ν τ + n → τ − + p andν τ + p → τ + + n even after imposing constraints from τ decays. We note that new interactions in the up and down quark sectors can be constrained if one assumes CKM unitarity. However, we do not consider this constraint as the NP in O N P involves contributions from both the quark and the lepton sectors.
As noted above, at the quark level NSI in ν τ + n → τ − + p andν τ + p → τ + + n involve the u and the d quarks. Often in the analysis of NSI, hadronization effects of the quarks via form factors are not included. As we show in our calculation the form factors play an important role in the energy dependence of the NP effects. In an accurate analysis one should also include nuclear physics effects which take into account the fact that the neutron and the proton are not free but bound in the nucleus. There is a certain amount of model dependence in this part of the analysis [48] , and therefore we will not include nuclear effects in our calculation. Such effects can be easily incorporated once the free scattering cross sections are known.
The paper is organized in the following way. In the next section, we present a model-independent analysis of NP effects. In the following three sections, we consider the neutrino and antineutrino quasielastic scattering in the SM, in a model with charged Higgs and in a model with an extra W ′ gauge boson. In the last section, we present our conclusions.
Model-independent analysis of new physics
The process ν τ +n → τ − +p will impact the measurement of the oscillation probability for the ν µ → ν τ transition and hence the extraction of the mixing angle θ 23 . The measurement of the atmospheric mixing angle θ 23 relies on the following relationship [49] :
where N(ν τ ) is the number of observed events, Φ(ν µ ) is the flux of muon neutrinos at the detector, σ SM (ν τ ) is the total cross section of tau neutrino interactions with nucleons in the SM at the detector, and P (ν µ → ν τ ) is the probability for the flavor transition ν µ → ν τ . This probability is a function of (E, L, ∆m 2 ij , θ ij ) with i, j = 1, 2, 3, where ∆m 2 ij is the squared-mass difference, θ ij is the mixing angle, E is the energy of neutrinos, and L is the distance traveled by neutrinos. The dominant term of the probability is
In the presence of NP, Eq. 1 is modified as
, where σ NP (ν τ ) refers to the additional terms of the SM contribution towards the total cross section. Hence, σ NP (ν τ ) includes contributions from both the SM and NP interference amplitudes, and the pure NP amplitude. From Eqs. (1, 3) , assuming θ 13 to be small,
where θ 23 = (θ 23 ) SM + δ 23 is the actual atmospheric mixing angle, whereas (θ 23 ) SM is the extracted mixing angle assuming the SM ν τ scattering cross section. Here 4 The presence of NP impacts the extraction of the combination sin 2 2θ 23 cos 4 θ 13 . The NP changes the extracted value of θ 23 as well as θ 13 . But we fix the value of θ 13 as an input at this point.
is the ratio between the NP contribution, including the pure NP and interference terms, to the SM cross section. This means that r 23 can be positive or negative. Assuming negligible new physics effects in the µ − N interaction, the actual mixing angle θ 23 is the same as the mixing angle extracted from the survival probability P (ν µ → ν µ ) measurement. We will take the best-fit value for the mixing angle to be given by θ 23 = 42.8
• [50] . In other words, the presence of new physics in a ν τ -nucleon scattering will result in the mixing angle, extracted from a ν τ appearance experiment, being different than the mixing angle from ν µ survival probability measurements. The relationship between the ratio r 23 and δ 23 can be expressed in a model-independent form as
The probability of the tau antineutrino appearanceν e →ν τ can be used to measure θ 13 in the LBL experiments. In this case the effect of NP contributions to the processν τ + p → τ + + n is pertinent. The relationship used in measuring θ 13 will be given as
where [51, 52, 53 ]
Thus the relationship between the ratio of the NP contribution to the SM cross section r 13 = σ N P (ν τ )/σ SM (ν τ ), which can be positive or negative, and δ 13 can be obtained in a model-independent form as
In Fig. 1 we show the correlation between r 23(13) % and δ 23 (13) [Deg]. One can see that δ 23 ∼ −5
• requires r 23 ∼ 5%. But δ 13 ∼ −1 • requires r 13 ∼ 25%. In the following sections, we consider specific models of NP to calculate r 23 and r 13 . We will consider a model with a charged Higgs and a W ′ model with both left-and right-handed couplings.
3 Quasielastic neutrino scattering off free nucleon − the SM
In this section we consider the SM contribution to ν τ + n → τ − + p andν τ + p → τ + + n. We first summarize the SM results for the quasielastic scattering of a neutrino on a free neutron target, 
, and
where k, k ′ , p, and p ′ denote the four-momenta and l indicates the lepton e, µ, or τ . The spin-averaged matrix element squared for the above reaction is a convolution of spin-averaged leptonic and hadronic tensors L µν and H µν :
The leptonic tensor calculation is straightforward, but the hadronic tensor involves nonperturbative effects. In order to calculate the hadronic tensor, we define the charged hadronic current for this process:
The expressions for the matrix elements of the vector and axial-vector currents are summarized in terms of six form factors in the Appendix. Due to time reversal invariance, the form factors are real functions of t = q 2 . When invariance under charge conjugation holds, two form factors vanish (F S = 0, F T = 0) [54] . The matrix element, then, can be written as (12) where N and N ′ are the initial and final nucleons, while l and ν l are the final charged lepton and the initial neutrino. In our case N = n, N ′ = p, l = τ , and ν l = ν τ . After evaluating |M| 2 , one can obtain the SM differential cross section for the reaction in Eq. (9) [54] ,
where G F = 1.116637 × 10 −5 GeV −2 is the Fermi coupling constant, cos θ c = 0.9746 is the cosine of the Cabibbo angle, M W is the W boson mass, and E ν is the incident neutrino energy. M = (M p + M n )/2 ≈ 938.9 MeV is the nucleon mass, and we neglect the proton-neutron mass difference. The expressions for the coefficients f SM (f = A, B, C) are summarized in the Appendix. The Mandelstam variables are defined by s = (k + p)
The expressions for these variables in terms of E ν and the lepton energy E l are given in the Appendix.
The quasielastic scattering of an antineutrino on a free nucleon is given bȳ
The charged hadronic current becomes [37, 55] n(p
The relationship between the differential cross sections of ν τ + n → τ − + p and
Thus, the matrix element is given by Eq. 12, and the differential cross section, similarly to Eq. 13, is given by
The negative sign of B SM leads to a relatively smaller cross section for the antineutrino scattering.
Quasielastic neutrino scattering off free nucleon − Charged Higgs Effect
We consider here the charged Higgs contribution to ν τ + n → τ − + p andν τ + p → τ + + n. Charged Higgs particles appear in multi-Higgs models. In the SM the Higgs couples to the fermion masses, but in a general multi-Higgs model the charged Higgs may not couple to the mass. What is true in most models is that the coupling of the charged Higgs to the leptons is no longer universal. Hence, the extraction of θ 23 and θ 13 from ν µ → ν µ andν e →ν e survival probabilities, respectively, will be different from ν µ → ν τ andν e →ν τ probabilities, respectively, in the presence of a charged Higgs effect.
The most general coupling of the charged Higgs is
where u i and d j refer to up and down type quarks, and ν i and l j refer to neutrinos and charged leptons. The other parameters are as follows: g = e/ sin θ W is the SM weak coupling constant, V u i d j is the CKM matrix element, and g S,P are the scalar and pseudoscalar couplings of the charged Higgs to fermions. Here, in this work, we assume the couplings g S,P are real. We will choose the couplings g S,P , relevant for ν τ +n → τ − +p andν τ +p → τ + +n, to be given by the two Higgs doublet model of type II (2HDM II). In the 2HDM II these couplings are related to couplings in other sectors and so can be constrained by measurements in these other sectors. However, in our analysis, to keep things general we will not assume any relation between the couplings g S,P and the couplings in other sectors, thereby avoiding constraints from other sectors. To constrain the couplings g S,P we will only consider processes that are generated by O N P =ūΓ i dτ Γ j ν τ . In the 2HDM II, constrains on the model parameters come from various sectors [57] . These constraints turn out to be similar but slightly stronger than the ones obtained in our analysis.
The coupling of charged Higgs boson (H ± ) interactions to a SM fermion in the 2HDM II is [58] 
Constraints on the size of the operator O N P =ūΓ i dτ Γ j ν τ can be obtained from the branching ratio of the decay τ − → π − ν τ . In the presence of a charged Higgs, the branching ratio for this process is
where the charged Higgs contribution is
The SM branching ratio is related to the tau lepton width (Γ τ ) and the decay rate(
Here δ τ /π = 1.0016 ±0.0014 [59] is the radiative correction. Further, the SM branching ratio can also be expressed as [60] 
while the measured Br(τ Fig. 2 we show the constraints on m H − tan β from τ − → π − ν τ . From Eq. 20 we can construct the NSI parameters defined in Ref [45] as ε
. We find that the constraints on the effective operator considered in this work are consistent with the one in Ref. [45] . Finally, we note that τ has a significant branching ratio to τ − → ρ − ν τ [61] . However, a charged Higgs cannot contribute to this decay, and hence there is no constraint on the charged Higgs couplings from this decay [47] .
Keeping in mind the constraints from Fig. (2) , we calculate the charged Higgs contribution to ν τ + n → τ − + p. The modified differential cross section for the reaction in Eq. (9) is
where H are proportional to the tiny neutrino mass, and we will ignore them in our calculation. Note that this happens because we have chosen the couplings to be given by the 2HDM II. With general couplings of the charged Higgs, these interference terms will be present. The charged Higgs contribution relative to the SM r
is proportional to t because of the dominant term x t G 2 P , where x t = t/4M
2 (see the Appendix for more details). Consequently, r
23
H is proportional to the incident neutrino energy (see Fig. (3) ). The deviation δ 23 is negative, as there is no interference with the SM; hence, the cross section for ν τ + n → τ − + p is always larger than the SM cross section. This means that, if the actual θ 23 is close to maximal, then experiments should measure θ 23 larger than the maximal value in the presence of a charged Higgs contribution.
The differential cross section for the interactionν τ + p → τ + + n has the same form as Eq. 26 in the limit of a massless neutrino. The hadronic current in this case is the complex conjugate of the one in the Appendix. The ratio r
, as well as the deviation δ 13 , is shown in Fig. 4 . As θ 13 is a small angle, large tan β and small charged Higgs mass are preferred to produce an observable deviation δ 13 . For instance, we find δ 13 ≈ 1
• and r
13
H ≈ 30% at E ν = 8 GeV, M H = 200 GeV, and tan β = 100. 
where f ′ and f refer to the fermions and g
L,R are the left-and the right-handed couplings of the
L,R to be real. Constraints on the couplings in Eq. (27) come from the hadronic τ decays. We will consider constraints from the decays τ
where the W ′ contribution is
and
with the W ′ contribution
The SM branching ratio is related to the decay rate as Br
where f ρ = 223 MeV [63] . Further, the SM branching ratio can also be expressed as [60] 
e ) = 21.92 ± 0.05% .
The measured branching ratio is Br(τ 5, 6). The constraints on the effective operator are consistent with the one in Ref. [45] . From Eq. 27 the NSI parameter ε ud(L,R) τ τ defined in Ref. [45] is given as ε
2 . In the presence of the W ′ gauge boson, we can obtain the modified differential cross section for the reaction ν τ + n → τ − + p as where the coefficients A ′ , B ′ , C ′ include both the SM and W ′ contributions. The expressions for these coefficients are given in the Appendix.
For a SM-like W ′ boson, with right-handed couplings ignored, the structure of the differential cross section is similar to the one in the SM case. Hence, the W ′ contribution relative to the SM r
does not depend on the incident neutrino energy E ν . We find r 23 W ′ ∼ 5% at M W ′ = 500 GeV from the hadronic tau decay constraints in Fig. (5) . The variation of δ 23 with the W ′ mass is shown in Fig. (7) . In this case, δ 23 is always negative and can reach up to −5
• at M W ′ = 500 GeV. Note that δ 23 does not dependent on E ν either. Next, we consider the right-handed couplings also. The variation of r
23
W ′ % with M W ′ in this case is shown in Fig. (8) . The r 23 W ′ % values are mostly positive which, in turn, leads to δ 23 being mostly negative. We find that r 23 W ′ % depends slightly on the neutrino energy. The variation of δ 23 with the W ′ mass and E ν are shown in Fig. (9) .
The W ′ contribution to the interactionν τ + p → τ + + n leads to the following differential cross section:
The differential cross section of the antineutrino scattering is relatively smaller than the corresponding one for the neutrino scattering because of the negative sign of the B coefficient. Thus, the value of the ratio r
is smaller than the corresponding ratio, r 
Conclusion
In this paper we calculated the effect of a charged Higgs and a W ′ contribution to ν τ + n → τ − + p andν τ + p → τ + + n scattering. We constrained the parameters of both the models from τ − → π − ν τ and τ − → ρ − ν τ decays. Corrections to the SM contribution to ν τ + n → τ − + p andν τ + p → τ + + n impact the extraction of the neutrino atmospheric mixing angles θ 23 and θ 13 . We found that the charged Higgs model can produce significant corrections to δ 23,13 that measure the deviation of the actual θ 23,13 from the (θ 23,13 ) SM angles which are extracted assuming the SM ν τ /ν τ scattering cross sections. The W ′ model effect generates a large deviation δ 23 but negligibly small δ 13 . As θ 13 is smaller than θ 23 larger NP in ν τ + n → τ − + p and ν τ + p → τ + + n is required to produce effects in δ 13 similar in size to δ 23 . When a charged Higgs is involved, δ 23,13 are negative. This is because there is no interference of the charged Higgs contribution with the SM contribution, for massless neutrinos, and so the cross sections for ν τ +n → τ − +p andν τ +p → τ + +n are always larger than the SM cross sections. This means that experiments should measure θ 23,13 larger than the present values in the presence of a charged Higgs contribution. In this case we also found that δ 23,13 increase in magnitude with the neutrino energy. Hence, a possible sign of the charged Higgs effect would be a measurement of θ 23, 13 that shows an increase with increasing neutrino energy.
For the W ′ model we calculated a significant contribution to δ 23 which can be both positive and negative, but is mostly negative. The deviation δ 23 was found to be independent of the neutrino energy for a left-handed W ′ but neutrino energy dependent when both left-and right-handed W ′ chiralities were present. A negligibly small deviation, δ 13 , was found in the W ′ model because of the small value of θ 13 . We have presented in this paper a first estimation of the charged Higgs and W ′ effects in the extraction of θ 23 and θ 13 . We hope more detailed calculations including nuclear as well as detector effects, will be done to find out whether these new physics effects can be observed at present ν τ /ν τ appearance experiments and/or to motivate new experiments that can detect these effects.
The expressions for the vector and axial-vector hadronic currents in Eq. 44 are
Here q = p ′ −p and the form factors F i are functions of t = q 2 . The parametrizations of the axial-vector and pseudoscalar form factors are [54] 
where F A (0) = −1.2695 is the axial coupling [61] , m π is the charged pion mass, and M A = 1.35 GeV is the axial-vector mass [64] . The expression for F P (t) can be shown to be true at low energy, where the predictions of chiral perturbation theory are valid [65] . We have assumed the relation to hold at high t also. Note that F A (0) is sometimes replaced by F A (t), which gives similar results for F P (t) at low t but very different results at high t. The Dirac and Pauli form factors
where x t = t/4M 2 and
Here G p,n E and G p,n M are the electric and magnetic form factors of the proton and neutron, respectively. The simplest parametrizations of these form factors are given by the dipole approximation
where
GeV is the vector mass, and µ p (µ n ) is the anomalous magnetic moment of the proton (neutron) [66] .
In the presence of the charged Higgs, applying the equation of motion to the hadronic matrix elements for the scalar and pseudoscalar currents for the process
or
withm q = (m u + m d )/2. In the W ′ model, the current has both V ± A structures. One has to calculate the matrix element,
Kinematic details
The Mandelstam variables in terms of E ν and the lepton energy E l are s = M 2 + 2ME ν , t = 2M(E l − E ν ),
Then t and E l lie in the intervals
where the energy and momentum of the lepton and the neutrino in the center of mass (cm) system are
The threshold neutrino energy to create the charged lepton partner is given by
where m l , M p , M n are the masses of the charged lepton, proton, and neutron, respectively. In our case, the threshold energy of the tau neutrino is E th ντ = 3.45 GeV.
The differential cross section in the laboratory frame is given by
The expressions for the coefficients f SM (f = A, B, C) in the SM differential cross section [see Eq.(13)] are
The expressions for the quantities A 
For the 2HDM II model couplings, g S,P are given in Eq. (21) . Note that the interference terms A 
In the absence of W ′ contributions, the f ′ 's reduce to the respective SM results in Eq. 51.
